Compressional and shear-wave velocities and unit-cell volumes of orthorhombic CaGeO 3 perovskite have been measured up to 10 GPa at ambient temperature using ultrasonic interferometry in conjunction with synchrotron x radiation. Fitting all velocity and unit-cell volume data to finite-strain equations yields the zero-pressure adiabatic bulk and shear moduli and their pressure derivatives K S0 = 194.6 ͑11͒ GPa, G 0 = 109.5 ͑5͒ GPa, K S0 Ј=6.4 ͑2͒, G 0 Ј=1.7 ͑1͒, with an rms misfit of 0.009 km s −1 . From the data in the current study, we have observed no discontinuities or elasticity softening for either the bulk or shear moduli up to the peak pressure of 10 GPa.
I. INTRODUCTION
Calcium germanate ͑CaGeO 3 ͒ exhibits the same sequence of phase transformations from a pyroxenoid wollastonite structure to a tetragonal garnet phase and subsequently to an orthorhombic perovskite phase but at much lower pressures than the corresponding isostructural silicates. [1] [2] [3] [4] It has therefore served as an excellent chemical analog for MgSiO 3 , for these phase transformations are important for interpreting the seismic velocity profiles in the Earth's mantle. The compressional and shear-wave velocities ͑V P and V S ͒ as well as the adiabatic bulk and shear moduli ͑K S and G͒ of CaGeO 3 perovskite were measured by Liebermann et al., 5 but only to 0.6 GPa and with uncertainties up to 8%. A high-pressure extended x-ray absorption fine structure ͑EXAFS͒ study of orthorhombic CaGeO 3 perovskite suggested that the structure became less distorted with increasing pressure, with the possibility of a phase transition to a tetragonal perovskite structure at about 12.5 GPa, 6 as inferred from the observed changes in the tilt angle and Ge-Ge distance. A subsequent far-infrared study by Lu and Hofmeister, 7 however, found no evidence of such a phase transition to tetragonal symmetry up to 24.4 GPa. Ross and Angel 8 studied the compressibility of CaGeO 3 perovskite single crystal using a diamond-anvil cell at pressures up to 8.6 GPa at ambient temperature, from which constraints on the bulk modulus and its pressure derivative were obtained. To date, there have been no direct measurements of the elastic moduli for CaGeO 3 perovskite at high pressures, especially for the shear properties.
In this paper, we present the results of measurements of the compressional and shear-wave velocities, as well as the unit-cell volumes of CaGeO 3 perovskite as a function of pressure up to 10 GPa. The elastic bulk and shear moduli and their pressure derivatives are derived from the measured V P -V S -volume data using third-order finite-strain equations of state.
II. EXPERIMENTAL
The CaGeO 3 perovskite polycrystalline sample in this study was hot-pressed at 8 GPa and 1273 K for 1 h in a 1000-ton uniaxial split-cylinder apparatus ͑USCA-1000͒ 5, 11 from CaGeO 3 powder which had been synthesized in the wollastonite structure by mixing CaCO 3 and GeO 2 at 1673 K for 80 h using the procedures described by Liu et al. 12 The crystallographic structure of the polycrystalline sample recovered at ambient conditions was confirmed to be pure orthorhombic perovskite phase by X-ray diffraction. Using the Archimedes' method, a bulk density of 5.09 g cm −3 was obtained, which is 98.5% of the theoretical x-ray density of 5.17 g cm −3 . 13 The average grain size of the specimen is Ͻ6 m as determined by scanning electron microscopy. The length of the sample after final polishing was 1.088 ͑1͒ mm and the diameter was ϳ2.0 mm. Bench-top velocities for compressional and shear waves yield 8.15 ͑3͒ and 4.61 ͑2͒ km s −1 , respectively, which are in good agreement with the values of 8.15 ͑16͒ and 4.59 ͑9͒ km s −1 obtained by Liebermann et al. 5 Compressional ͑P͒ and shear ͑S͒ wave velocities at high pressure were measured using ultrasonic interferometry techniques in conjunction with in situ x-ray diffraction and radiography in a DIA-type, multianvil, high-pressure apparatus ͑SAM85͒ installed on the superconducting wiggler beamline ͑X17B2͒ of the National Synchrotron Light Source at the Brookhaven National Laboratory. Details of this experimental setup and the ultrasonic interferometry have been described elsewhere. [14] [15] [16] [17] Briefly, the sample was embedded in a NaCl and BN ͑boron nitride͒ powder mixture ͑10:1 wt% ͒, which provided a pseudohydrostatic environment for the sample. A maximum nonhydrostatic stress of 2.3 kbar was inferred from the x-ray diffraction spectra of NaCl surrounding the specimen. A dual-mode LiNbO 3 transducer ͑10°Y -cut͒ was mounted outside the pressure chamber for generating and receiving the P and S wave signals ͑55 MHz resonant frequency for P wave and 35 MHz for S wave͒. To minimize loss of acoustic energy, all surfaces along the acoustic path, including the ends of the WC ͑tungsten carbide͒ cube with a transducer-mounted alumina buffer rod, and the sample, were polished using 1 m diamond paste. Travel times for P and S waves were simultaneously measured using the transfer function method 15 with standard deviation of ϳ0.4 ns for S waves and ϳ0.2 ns for P waves, respectively. The sample length at high pressure was directly obtained by an x-radiographic imaging method; 15, 16 the precision of this direct measurement of sample length was reported to be 0.2-0.4%. 16 X-ray diffraction patterns for the sample were recorded in the energy-dispersive mode using a solid-state Ge detector. The incident x-ray beam was collimated to 0.2 mm ϫ 0.1 mm, and the diffraction angle was set at 2 = 6.5°. A total of 12ϳ 14 diffraction lines ͑d spacings ranging from 2.632 to 0.995 Å 3 ͒ were used in the refinement of unit-cell volumes for CaGeO 3 perovskite, with a relative standard deviation less than 0.05%.
III. RESULTS AND DISCUSSION
The x-ray powder diffraction patterns indicate that the sample remained in the orthorhombic perovskite phase up to the peak pressure of the current study ͑10 GPa͒. The refined unit-cell volumes ͑using space group Pbnm͒ show a smooth decrease with increasing pressure ͑Fig. 1͒. We obtain a value of 206.41 ͑3͒ Å 3 for the unit-cell volume at ambient condi- from Ross and Angel ͑1999͒. 8 As illustrated in Fig. 1 , our 300 K compression data for CaGeO 3 perovskite shows an excellent agreement with the results of Ross and Angel ͑1999͒.
8 From the unit-cell volumes and zero-pressure density, densities at elevated pressures are derived ͑Table I͒.
Compressional and shear-wave velocities as well as the adiabatic bulk K S = L −4G /3=V p 2 −4G / 3 and shear G = V S 2 moduli at high pressures are calculated from the sample lengths, travel times, and densities ͑Table I͒. Both V P and V S increase systematically with increasing density ͑Fig. 2͒. All velocity and density data are fitted simultaneously to third-order finite-strain equations, a Pressures are calculated using a third-order finite-strain EoS ͑Ref. 18͒. Values in parentheses are 1 error in the last digits. Travel times have 1 of ϳ0.4 ns for S waves and ϳ0.2 ns for P waves. The uncertainties are less than 0.3% in velocities and less than 1.0% in the derived elastic moduli. Assuming that the cracks and pores are closed at high pressures, the densities at pressures are calculated using the unit-cell volumes and the theoretical density. 
where = ͓1−͑V 0 / V͒ 2/3 ͔ / 2. The fitted coefficients, L1, L2, M1, and M2, are used for the calculation of the zero-pressure adiabatic bulk modulus K S0 and shear modulus G 0 , as well as their pressure derivatives ͑K S0 Ј and G 0 Ј͒, using Eqs. ͑3͒-͑6͒, yielding K S0 = 194.6 ͑11͒ GPa, G 0 = 109.5 ͑5͒ GPa, K S0 Ј = 6.4 ͑2͒, and G 0 Ј= 1.7 ͑1͒ ͑Table II͒. As seen in Fig. 2 , the calculated velocities match the observed compressional and shearwave velocities remarkably well over the entire pressure range; the rms misfit is 0.009 km s −1 . The zero-pressure adiabatic bulk modulus K S0 is in good agreement with the value of 198 ͑15͒ GPa determined from previous ultrasonic measurement, 5 and with the value of 196 GPa calculated from the isothermal bulk modulus K T0 = 194.0 ͑21͒ GPa 8 ͑us-ing K S / K T = ͑1+␣␥T͒Ϸ1.01, where the thermal expansion ␣͑300 K͒ = 1.9ϫ 10 −5 K −1 from Ref. 9 , and the Grüneisen parameter ␥ = 1.35 is estimated using ␥ =−1/6 + 0.024͑‫ץ‬K S / ‫ץ‬P͒ + 0.799͑‫ץ‬G / ‫ץ‬P͒ from Ref. 10 . The agreement of the current results for the elastic bulk modulus with previous studies provides further support to the previously established systematics between bulk modulus and molar volume, independent of the degree of distortion from cubic symmetry and the symmetry of the perovskite structure. 5, 8, 20 The pressure derivative of the bulk modulus K S0 Ј from the present study is consistent with the previous experimental result K T0 Ј = 6.1 ͑5͒ within mutual uncertainties. 8 It is worth noting that the present fitting procedure using finite-strain equations does not involve the measured pressure. Thus, our results are independent of the pressures measured by the NaCl internal pressure standard; consequently, the accuracy of the equation of state for NaCl has no effect on the derived elastic properties. 15, 16, 19 Previous EXAFS and single-crystal diffraction studies both indicated a progressive decrease of the distortion with increasing pressure. 6, 8 While the former suggested a phase transition toward a tetragonal structure at about 12 GPa, the latter did not observe any such transition to 8.6 GPa. From the data in the current study, we have observed no discontinuities or elasticity softening for either the bulk or shear moduli up to the peak pressure of 10 GPa ͑Fig. 3͒. 3 . Comparison of the experimental measurements for the elastic bulk ͑K S ͒ and shear ͑G͒ moduli vs pressure; the solid line is from the third-order finite-strain fit of the elastic moduli vs strain in this study. Zero-pressure elastic moduli from previous studies ͑Refs. 5 and 8͒ are indicated by open symbols.
